A given amount of oxygen is always converted into reactive oxygen species (ROS) such as superoxide anion radicals, hydrogen peroxide, or hydroxyl radicals by various enzymatic systems in the human body. The ROS are essential mechanisms against extraneous factors, but excessive amounts cause harmful effects and oxidative damages that would induce various diseases, including cancer, cardiovascular disease, and diabetes. 1,2 Therefore, the ROS scavenging capacities of antioxidative enzymes and/or natural antioxidants have attracted many researchers' attention during the past few decades.
Introduction
A given amount of oxygen is always converted into reactive oxygen species (ROS) such as superoxide anion radicals, hydrogen peroxide, or hydroxyl radicals by various enzymatic systems in the human body. The ROS are essential mechanisms against extraneous factors, but excessive amounts cause harmful effects and oxidative damages that would induce various diseases, including cancer, cardiovascular disease, and diabetes. 1, 2 Therefore, the ROS scavenging capacities of antioxidative enzymes and/or natural antioxidants have attracted many researchers' attention during the past few decades. 2 In particular, the superoxide anion radical scavenging activity (SOSA) has been investigated in a lot of studies, because superoxide anion radical is a precursor of hydroxyl radical which has remarkable reactivity. In order for researchers to evaluate the superoxide dismutase (SOD) activity and the SOSA of natural antioxidants, a number of assays, such as spectrophotometric and chemiluminescence assays, have been developed. 3 Electron spin resonance (ESR) spin-trapping technique is one of them. This technique has been verified to be useful to detect the short live superoxide anion radical at room temperature, and in fact it has been widely used for the investigations of the SOD activity and the SOSA of natural antioxidants. 4, 5 There are many spin-trapping agents for superoxide anion radical, including 5,5-dimethyl-1-pyrroline N-oxide (DMPO), 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (DEPMPO), and α-phenyl-N-tert-butylnitrone (PBN). 6 Although DMPO is the most common agent in the ESR analysis, it has some limitations. For example, its reaction rate with superoxide anion radical is not so high and it turns yellow with time even at -20˚C in a sealed tube, that is, DMPO is unstable. 7 In addition, its spin adduct with superoxide anion radical decomposes rapidly. 8 In order to overcome the defects of the conventional spin-trapping agents, Shioji et al. synthesized a new spin-trapping agent, 2-(diphenylphosphinoyl)-2-methyl-3,4-dihydro-2H-pyrrole N-oxide (Diphenyl-PMPO, Fig. 1 ).
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This compound has two phenyl groups attached to phosphoryl-DMPO structure, and such structure is able to enhance the stability of its spin adduct. Indeed the half life of Diphenyl-PMPO spin adduct with superoxide anion radical (Diphenyl-PMPO-OOH, Fig. 1 ) was 8.3 times longer than that of DMPO. 10 It was also revealed to have a larger rate constant with superoxide anion radical. In addition, the partition coefficient of Diphenyl-PMPO in 1-octanal/aqueous solution was larger than those of DMPO and DEPMPO, suggesting that Diphenyl-PMPO has a high lipophilicity and is useful for the assay of lipophilic antioxidants. 10 Besides, Diphenyl-PMPO is available in solid state and can be stored at room temperature. 9 These characteristics of Diphenyl-PMPO are very attractive in the ESR analysis. While Diphenyl-PMPO was already applied to the detection of hydroxyl radical in human erythrocyte ghosts, 11 there is no information on the evaluation of SOSA of antioxidative enzymes and natural foods with Diphenyl-PMPO so far. In this study, we tried to apply it to the evaluation of SOSA of SOD and natural antioxidants in the ESR analysis. At the same time, the results with the Diphenyl-PMPO were compared with those obtained using the conventional spin-trapping agent, DMPO. 
Experimental
Reagents and chemicals Diphenyl-PMPO and DMPO were obtained from Labotec Co. (Tokyo, Japan). Xanthine oxidase (XOD, EC 1.2.3.2, 0.23 units/mg) from buttermilk, and SOD (EC 1.15.1.1, 2260 units/mL) from bovine erythrocyte were obtained from Oriental Yeast Co. (Tokyo, Japan) and Sigma Chemical Co. (MO, USA), respectively. All other chemicals were of analytical reagent grade and were used without further purification. All solutions were prepared with Milli-Q water.
Food samples
All food samples were purchased from a local supermarket. The oolong tea and red wine were filtrated through a membrane filter (pore size, 0.45 μm) for the following ESR analysis. In the case of green tea, 200 mL of boiling water was added to 3 g of green tea leaf and the mixture was left for 5 min. After filtration, the filtrate was subjected to the ESR analysis.
ESR analysis with Diphenyl-PMPO or DMPO
The ESR analysis was performed using a Model JES-FR30 free radical monitor (JEOL Ltd., Tokyo, Japan) equipped with a cool water circulator CA-1110 (EYELA, Tokyo, Japan). Manganese was used as an internal standard. The instrumental conditions were as follows: field set, 336.1 mT; scan range, ±5 mT; modulation frequency, 100 kHz; field modulation width, 1 × 0.1 mT; time constant, 0.1 s; amplitude, 200; microwave power, 4 mW; microwave frequency, 9.40 kHz; sweep time, 2 min. The procedures of the ESR analysis with Diphenyl-PMPO or DMPO were referred to the method reported by Noda et al. 5 As for Diphenyl-PMPO, into a mixture containing 50 μL of 4 mM hypoxanthine, 10 μL of dimethylsulfoxide (DMSO), 20 μL of 0.1 M potassium phosphate buffer (pH 7.4), 50 μL of sample, and 20 μL of 0.5 M Diphenyl-PMPO, 50 μL of 0.1 units/mL XOD was added as a trigger of reaction. After mixing well, the reaction mixture was transferred into a quartz flat cell, and the recording of the ESR spectrum was started exactly 6 min after the addition of XOD. All the solutions mentioned above, except Diphenyl-PMPO which was dissolved in DMSO, were prepared with 0.1 M potassium phosphate buffer (pH 7.4).
In the case of DMPO, into a mixture containing 50 μL of 4 mM hypoxanthine, 30 μL of DMSO, 50 μL of sample, and 50 μL of 4.5 M DMPO, 50 μL of 0.1 units/mL XOD was added. After mixing well, the reaction mixture was transferred into a quartz flat cell, and the monitoring of the ESR spectrum was started exactly 1 min after the addition of XOD. All the solutions were prepared with 0.1 M potassium phosphate buffer (pH 7.4).
Evaluation of SOSA of SOD and natural antioxidants
The SOSA of SOD and natural antioxidants were expressed as inhibition ratio (%) calculated from the following equation:
Inhibition ratio (%) = (I0 -In)/I0 × 100 where I0 and In represent the signal intensity relative to manganese in the control and in the presence of sample, respectively. All tests were performed in duplicate at least.
Results and Discussion
There is little information about the ESR analysis of superoxide anion radical with Diphenyl-PMPO, because it is a new spintrapping agent that was synthesized recently. Although Nishizawa et al. reported the superoxide anion radical detection with Diphenyl-PMPO by ESR, the analytical conditions were not described in detail. 10 Hence, the analytical conditions needed to be optimized in this study. The changes of signal intensity were examined in the range of Diphenyl-PMPO concentration from 0.1 to 1.0 M at 1 to 18.5 min. The ESR spectrum recognized in this study was consistent with that of Diphenyl-PMPO-OOH reported by Nishizawa et al. 10 It was shown that the assay procedure employed in this study, which was referred to the procedure with DMPO, could be applied to the detection of superoxide anion with Diphenyl-PMPO. As shown in Fig. 2 , the signal intensity of Diphenyl-PMPO-OOH was increased depending on the concentration of spin-trapping agent and finally reached a plateau at more than 0.5 M. From this result, the concentration of Diphenyl-PMPO used in subsequent experiments was chosen as 0.5 M (final concentration, 0.05 M). This concentration was much lower than the DMPO concentration (4.5 M; final concentration, 0.45 M), which was commonly used in the ESR analysis. Such a lower concentration of Diphenyl-PMPO is an advantage from the economical point of view. Besides, the largest signal intensity of Diphenyl-PMPO-OOH was recognized at 6 to 11 min and decreased gradually. This tendency agreed with the result reported by Nishizawa et al. 10 On the other hand, the signal intensity of DMPO-OOH showed the maximum value at 3.5 min, and then decreased rapidly (data not shown). This difference in the time-dependence of the signal intensity between Diphenyl-PMPO and DMPO indicated that the spin adduct of Diphenyl-PMPO with superoxide anion radical was more stable than that of DMPO. This phenomenon was not in disagreement with the fact that the half-life of Diphenyl-PMPO spin adduct was 8.3 times longer than that of DMPO. 10 The coefficient of variation in the analysis with Diphenyl-PMPO was 5.36% at 1 min and 2.83% at 6 min (n = 7). As the reproducibility at 6 min was comparable to the analysis with DMPO at 1 min (2.81%, n = 7), we decided to set the measurement time as 6 min.
Using the analytical conditions chosen above, we determined the SOSA of SOD with Diphenyl-PMPO. For comparison, the measurement with DMPO was also performed (Fig. 3) . In the analysis with Diphenyl-PMPO as well as DMPO, 50%-inhibition (IC50) was recognized, that is, the SOSA of SOD could be obtained. detection capacity than DMPO in the SOSA assay of SOD. We assumed that the difference in the detectability between the two spin-trapping agents was caused by the differences in the rate constants for superoxide anion radical (Diphenyl-PMPO, 39.5 M -1 s -1 ; DMPO, 15.7 M -1 s -1 ) and the differences in concentrations in the assay mixture. 10 As described above, the measurement time with Diphenyl-PMPO was set as 6 min from the perspective of reproducibility. However, no effects of the measurement time on the IC50 value were recognized at 1 to 13.5 min (data not shown). This result proposed a possibility that the SOSA assay could be performed at any time in the range of 1 to 13.5 min.
Finally, Diphenyl-PMPO was applied to the SOSA assay of natural antioxidative foods and the results were compared with DMPO. Green tea, oolong tea, and red wine were used as the typical antioxidants. In the analyses of all natural antioxidants, the IC50 could be observed ( Table 1) . The IC50 was shown as a dilution ratio of food sample which could scavenge the superoxide anion radical by 50%. In the present case, the higher dilution ratio meant the higher scavenging activity. As the analysis of SOD activity described above, the measurements with Diphenyl-PMPO provided the higher activity than DMPO in all cases, that is to say, the higher detection capability was recognized in the Diphenyl-PMPO system. The SOSA of antioxidative foods were converted into the SOD equivalent activity (units/mL) based on the IC50 (0.919 units/mL) of SOD (Table 1) . Contrary to our expectation, the SOD equivalent activities of foods with DMPO were higher than those with Diphenyl-PMPO, although the dilution ratios of food samples corresponding to IC50 were higher when Diphenyl-PMPO was used. This inversion phenomenon was probably caused by the difference in the reactivity between the antioxidative compounds such as catechin and anthocyanin, which contributed to the scavenging of superoxide anion radicals in foods, and SOD, which was a standard for the conversion into the SOD equivalent activity. However, the linear relationship between the SOD equivalent activities obtained with Diphenyl-PMPO and DMPO (r = 0.994, n =3) was recognized. These results strongly suggested that Diphenyl-PMPO could be useful in the SOSA assay of SOD and natural antioxidants.
Diphenyl-PMPO is available in powder state and is stable even at room temperature, unlike DMPO which is available in liquid state. In addition to easier handling, it was revealed to possess the high detection capability for the SOSA of SOD and natural antioxidants. The high rate constant with superoxide anion radical and the high detection capability of Diphenyl-PMPO would help the real-time monitoring in vivo which requires a high sensitivity, and would help to extend the detection range to compounds which had only low SOSA. In conclusion, Diphenyl-PMPO possesses superior characteristics in the ESR analysis and has a possibility to be an alternative to conventional spin-trapping agents. ANALYTICAL SCIENCES OCTOBER 2007, VOL. 23 
